The objective of this study was to develop anatomically correct whole body human models of an adult male (34 years old), an adult female (26 years old) and two children (an 11-year-old girl and a six-year-old boy) for the optimized evaluation of electromagnetic exposure. These four models are referred to as the Virtual Family. They are based on high resolution magnetic resonance (MR) images of healthy volunteers. More than 80 different tissue types were distinguished during the segmentation. To improve the accuracy and the effectiveness of the segmentation, a novel semi-automated tool was used to analyze and segment the data. All tissues and organs were reconstructed as three-dimensional (3D) unstructured triangulated surface objects, yielding high precision images of individual features of the body. This greatly enhances the meshing flexibility and the accuracy with respect to thin tissue layers and small organs in comparison with the traditional voxel-based representation of anatomical models. Conformal computational techniques were also applied. The techniques and tools developed in this study can be used to more effectively develop future models and further improve the accuracy of the models for
Introduction
Anatomical computer models of the human body have been used for more than three decades for dosimetric applications in electromagnetics (EM) (Hand et al 2008) and in medical radiation physics (Andreo 1991) . Currently, about 20 whole and partial body models of adults and about 14 models of children (from newborn to 14 years of age) are available to the scientific community 8 . Comprehensive overviews can be found in (Caon 2004 , Zaidi and Xu 2007 , and recently, voxel-based models whose dimensions and organ masses correspond to the values defined by the ICRP (2002) were developed (Zankl et al 2005) . With the exception of a few models, which are based on cryosection images (Ackerman 1998 , Kim et al 2008 , all models were developed from computer tomographic (CT) or magnetic resonance (MR) images of healthy volunteers, patients or cadavers. In comparison with CT imaging, MR tomography yields improved soft-tissue contrast and is therefore preferable for the identification and segmentation of different body tissues and organs. The reliable identification of soft tissues with different dielectric properties is of particular importance in non-ionizing radiation dosimetry, e.g., for the identification of hot spots, which are likely to occur at tissue interfaces with high dielectric contrast (see below).
The image sets of most anatomical body models have been segmented using a fixed spatial resolution (e.g. cubical voxels) over the entire body region, thus limiting anatomical and computational accuracy. Their resolution generally corresponds to the pixel size of the original set of images or to an integer multiple of it. It can range from approximately 0.5 mm × 0.5 mm × 1.0 mm for models of newborn children (Nipper et al 2002) to more than 5 mm for some adult models. If a coarser resolution is chosen for the segmented model to save computational resources, small anatomical details of the anatomical images are irretrievably lost. Moreover, the thickness of the skin and fat layers, which is an important parameter for the radio frequency (RF) absorption at the surface of the body (Klemm and Troester 2006 , Christ et al 2006a , 2006b ), can only be represented as an integer multiple of the voxel dimensions.
The most prominent numerical methods used in computational dosimetry of electromagnetic fields are based on finite-difference formulations of the underlying differential equations. For the simulation of both RF fields and induced tissue heating, the finite-difference time-domain (FDTD) method in its formulations by Yee (1966) and Patankar (1980) is applied to rectilinear grids to optimally handle large voxel models. However, the use of rectilinear grids imposes restrictions on the geometry in order to reduce the computational uncertainty, e.g., by aligning the conducting structures, such as antennas, with the grid. A typical example is the calculation of the specific absorption rate (SAR) in the head of a cell phone user (Kainz et al 2005 , Beard et al 2006 . In order to place the head of an anatomical model next to a cellular phone according to the positions defined in the compliance testing standards (IEEE 2003 , IEC 2005 , the model must be rotated and resampled according to the computational grid. Resampling of the models is also required if non-uniform meshing is used (Christ et al 2002) to save computational expenses. Small anatomical details will usually be lost or thin tissue structures, such as the skin or fat layers, will be corrupted. The representation of the models in the 2.5D 'Compound-Format' , which retains the precise outlines of the tissue boundaries of the original slice images in two dimensions, mitigated these problems to a certain extent. It is still, however, not suitable to use novel conformal techniques for EM and thermal FDTD (Benkler et al 2008 , Neufeld et al 2007 .
Volumetric or surface description methods, however, provide the basis for the perfect model by converting all tissues to closed three-dimensional (3D) surfaces or boundaries. The surfaces of the tissues can be represented, e.g., as polygonal meshes or by mathematical functions. Non-uniform rational B-splines (NURBS) have been applied to model the human body (Xu et al 2000, Xu and Shi 2005) and its dynamics (Segars et al 1999 , Segars 2001 , Segars et al 2001 . More recently, whole body models of pregnant women and newborn children (Lee et al 2007) have been developed based on boundary representation techniques, providing a high level of anatomical details.
Objectives
The main parameters for models used in radiation physics are mass and position of the organs as well as their shape and the shape of the body (Zankl et al 2002 , Staton et al 2003 . In addition, EM dosimetry requires sound representation of organ interfaces and thin tissue structures. This is particularly important for interfaces with high dielectric contrast, such as skin, fat, bone and muscle tissue (Gabriel et al 1996) , in order to correctly render reflections, interference effects and hot spots at tissue boundaries with high dielectric contrast, such as skin-fat-muscle interfaces (Schwan and Li 1956 , Shapiro et al 1968 , Kritikos and Schwan 1976 , Christ et al 2006b . Because of the limited availability of whole body models of children, adult models were often scaled to the anatomical dimensions of children (Gandhi et al 1996 , Dimbylow 2002 . This may introduce uncertainties with respect to the thicknesses of thin tissue layers (skin, skull, subcutaneous adipose tissue, etc) or the proportion and position of body fat. Moreover, scaling can introduce spurious changes in proportions-in particular of the head and the brain-leading to ambiguities in the assessment of the local exposure and has therefore repeatedly been discouraged (Bit-Babik et al 2005 , Wiart et al 2005 , 2008 .
Hence, the objectives of this study were as follows:
• to develop four novel anatomically correct whole body models of two adults and two children with sizes and body masses close to current worldwide (adults) and German (children) averages 9 , • to preserve the individual anatomical features of the volunteers in order to minimize uncertainties that may arise from scaling or morphing of tissues or organs, • to represent all tissues and organs as 3D objects consisting of unstructured triangulated surfaces (polygons) in order to overcome the limitations of traditional voxel models with fixed resolution while using a simple and straightforward representation of small anatomical details 10 .
In addition to electromagnetics and radiation physics, these models will have a much broader application range in the future, e.g., in virtual patient applications. 9 Worldwide averages for adults are 1.73 m body height and 77 kg for males and 1.60 m and 67 kg for females (McGee 2005) . For girls of eleven years of age and boys of six years of age (section 3.1), German statistics (KromeyerHauschild et al 2001) indicate 1.48 m and 37 kg and 1.17 m and 22 kg, respectively. German statistics were chosen for the children because the volunteers for the study were recruited in Germany. 10 Alternative methods for the numerical representation of organ surfaces, such as NURBS (section 1) allow flexible deformation and scaling of the models. This, however, does not fall into the scope of the present study. An extension for the articulation of the limbs of the models which retains the original masses of the soft tissues is currently under development (Cherubini et al 2008) . 
Methods

MR scans of two adults and two children
3.1.1. Recruitment of the volunteers. To meet the constraints on the models' body masses mentioned in section 2, a retrospective review of existing whole body image sets was conducted, but unsuccessful. Combined partial body image sets could not be used because the models should possess realistic individual features. Consequently, the anatomical models were developed based on image sets of whole body scans of four volunteers (two adults and two children). MR was used instead of CT based on ethical considerations (absence of ionizing radiation) with particular respect to the children and the improved soft tissue contrast of MR, as mentioned above. An ethics committee approved the study protocol, and an appropriate liability insurance was procured. The volunteers were recruited by the Department of Gastroenterology, Pneumology and Endocrinology and by the Department of Pediatrics at the Hospital of the Friedrich-Alexander-University, Erlangen, Germany. Sizes and body masses of the adult models were chosen according to worldwide averages of height and body mass index (BMI) (McGee 2005) . German statistics were considered for the children (Kromeyer-Hauschild et al 2001 , McDowell et al 2005 . Since it was essential for the volunteers to remain still in the MR scanner for several hours, children with placid dispositions were chosen. The MR scans were conducted in the presence of a radiologist. The children were accompanied by a parent and, when requested, by a pediatrician. Table 1 summarizes the main characteristics of the four models.
MR protocol.
All volunteers were scanned on a 1.5 T Siemens Magnetom Avanto Tim (Total imaging matrix) whole body scanner at the radiological department of the Hospital of the Friedrich-Alexander-University, Erlangen, Germany. The measurement protocols for the adults and the children were developed in cooperation with Siemens Healthcare, Erlangen, Germany. To optimize the signal-to-noise ratio for all scans from head to toe, Tim Multielement Matrix coils were used for the data acquisition. The scanning sequences were chosen to meet the requirements on image contrast and resolution posed by the segmentation while minimizing the measurement time. An anticholinergic agent was administered to the adults to reduce intestinal movements during the scans. For the imaging of the blood vessels of the adults, Gadofosveset (Vasovist, Bayer Healthcare, Berlin, Germany) was used as an intravascular contrast agent. For ethical reasons, the children did not receive any kind of medication. An ECG-triggered scanning sequence was used for the heart to reduce image blurring from the heart movement. Breath-hold triggering was used for the upper torso to minimize image distortion due to the respiratory movements. The remaining blurring could easily be corrected during the segmentation.
Separate scans were necessary for the arms of the adult volunteers since they did not entirely fit into the field of view (50 cm) of the scanner. Due to the necessary repositioning of the volunteers for the separate arm scans, changes in the shape of the soft tissues of the shoulder region occurred, and were corrected during the segmentation. All images were taken in transversal orientation. The following scanning sequences were chosen:
• head: T1 weighted MPRAGE (Magnetization Prepared Gradient Echo) 0.5 × 0.5 × 1.0 mm 3 voxel size; • thorax (and arms of children): SPACE fast turbo spin echo 3D in 0.9 × 0.9 × 2.0 mm 3 voxel size;
• intestine (adults only): an anticholinergic agent was administered to inhibit intestinal motion; • abdominal torso, legs and feet: SPACE, fast turbo spin echo 3D in 0.9 × 0.9 × 2.0 mm 3 voxel size;
• heart: ECG-triggered mode 0.5 × 0.5 × 1.5 mm 3 voxel size; • left and right arms (adults): SPACE fast turbo spin echo 3D in 0.9 × 0.9 × 2.0 mm 3 voxel size.
The contrast agent used for the imaging of the arteries and veins has a relatively long latency time. After its administration, two consecutive scans of the torso were performed. The first scan was acquired during the arterial first-pass of the contrast agent, such that only the arteries appeared in the images. The second scan and all subsequent scans were obtained after the contrast agent had reached equal distribution in the vascular system (steady state). These scans yield a depiction of both the arteries and the veins. The imaging sequences were as follows:
• application of intravascular contrast agent;
• first pass angiography (arteries only): FLASH3D sequence 1.0 × 1.5 × 1.0 mm 3 voxel size;
• torso: steady-state angiography (arteries and veins) with FLASH3D-VIBE sequence 1.0 × 1.5 × 1.0 mm 3 ; • left and right arms: steady-state angiography (arteries and veins), FLASH3D-VIBE sequence 1.0 × 1.5 × 1.0 mm 3 .
The entire scanning time including recreative breaks for the volunteers was approximately 6 h for the adults and between 90 min and 3 h for the children depending on their body sizes.
Positioning and scanning of the volunteers.
The position of the volunteers in the scanner corresponded to an upright standing position. The arms were parallel to the body with a gap of a few centimeters between hands and hips. Legs were straightened and did not touch. The feet were articulated at an angle of approximately 90
• to the calves. Keeping gaps between arms and hips avoids hot spots in the tissue due to the RF fields of the MR scanner, which is important both for the patient safety during the scans and for the simulation of the field distribution under RF exposure. Articulating the feet permits the simulation of the models under grounded conditions. For hearing protection, ear plugs were used instead of headphones because the force of the headphones on the head tissue would lead to significant pressure marks on the ear and the surrounding soft tissue. Nevertheless, minor marks on the skin due to the stretcher, MR receiving coils and fixation tape could not be avoided completely and were corrected during the segmentation process.
Construction of the surface mesh objects
The tissues and organs in the MR images were identified by an expert team of biologists and physicians. Manual segmentation was facilitated by the software iSEG, an in-house development (Neufeld 2008) . iSEG provides a large number of different image processing algorithms, such as Live Wire (Schenk et al 2000) , Thresholding (Suri et al 2002) (Raya and Udupa 1990) ). Figure 1 shows the segmentation of an MR image of the head of a volunteer.
About 80 different tissues and organs were identified and segmented for each model (table 2). The segmentation was carried out organ by organ or tissue by tissue. Although the image processing software significantly facilitated the segmentation process, the correct identification of tissues required 3D visualization of the organ shape. Several iterations per organ were necessary to achieve a satisfactory result. The angiographic image sets of the vessel trees supported the segmentation of the blood vessels of the two adult models. The labor intensive development of an entire model can easily exceed six person months.
After the segmentation, the tissue boundaries were reconstructed as unstructured triangulated surfaces using the marching cubes algorithm (Lorensen and Cline 1987) . These surfaces still retained the resolution of the original MR images as shown in figure 2(a). They were smoothed using the spring-model and by reducing the number of surface triangles (see, e.g., (Szczerba et al 2007) ). These steps were carried out using the software Amira 4.0 11 . Figure 2 (b) shows the final smoothed surfaces. Figure 3 shows the four reconstructed models of the Virtual Family. A more detailed view of the skin, the muscle tissue, the inner organs, the blood vessels and the skeleton of the six-year-old boy (Thelonious) is presented in figure 4 . The reconstruction of the skull and the brain (gray and white matter) of the adult male (Duke) is shown in figure 5 . For the SAR evaluation during mobile phone use according to IEEE (2005) , the tissues of the pinna were segmented as separate objects. Figures 4 and 5 are representative of the level of anatomical details of all four models. Table 3 lists their organ masses in comparison with the reference models of the ICRP (2002).
Results
The Virtual Family
Since the coordinates or the topology of the computational grid, on which, e.g., the differential equations are solved, do not necessarily coincide with the coordinates of the model, the tissue properties of the different body regions must be assigned to the respective locations of the computational grid. This process is referred to as discretizing. If the position, the orientation or the resolution of a model needs to be altered, voxel models are prone to uncertainties because thin tissue regions are prone to surface defects if the resolution of the computational mesh is in the order of magnitude of the original model. To demonstrate this effect, a prevoxeled version of the surface-based model Thelonious is generated with a voxel size of 1.5 mm × 1.5 mm × 1.5 mm. The model is sampled at the voxel centers of the computational grid. Both the prevoxeled model and the original surface-based polygon mesh model are then rediscretized at a resolution of 1.6 mm × 1.6 mm × 1.6 mm, which is slightly larger than the average skin thickness of children (Snyder et al 1975 , Seidenari et al 2000 . Moreover, the surface-based model is meshed using the conformal technique described in (Benkler et al 2008) . Figure 6 shows the results of the three different discretization techniques. In contrast to the completely closed skin surface of the discretized polygon model, the resampled model showed significant gaps in the skin, revealing the subcutaneous tissue layers (orange). The conformal voxeling technique can render arbitrarily oriented intersections of two types of materials or tissues in the same mesh cell. This permits, for example, the smooth representation of the skin surface, and it reduces staircasing artifacts at material boundaries with high dielectric contrast. 
The polygon mesh models are provided with a tool for arbitrary positioning and rotating with respect to the reference coordinate system. The models or parts of them can then be discretized in a rectilinear mesh at arbitrary resolution and exported in a generic voxel format (three-dimensional binary array) for use with third party simulation software. Like this, the resolution and the mesh size can be adapted to the required spatial accuracy and the available computational resources. The software and the models are provided free for research purposes 12 . Because of the uncertainties of the density of the inflated lung tissue, the volume of the models is reported here instead of the mass. The volunteers were holding their breath during the imaging of the thorax.
Precision and limitations
In spite of the high contrast and resolution of the MR images, certain compromises during the segmentation were inevitable. Although the outlines of most of the tissues listed in table 2 could be constructed with an accuracy of 1 to 2 pixels of the original images (see section 3.1.2), the limitations of the models are as follows.
• Blood vessels with a diameter of less than 2 mm were not included.
• Nerve tissues only include the spinal cord and the optic nerve.
• In spite of the administration of the anticholinergic agent to the adult volunteers, the imaging quality of the digestive tract was not sufficient for a complete segmentation. The intestinal ducts and the lumina could not be reconstructed completely; the pancreas could only be reconstructed for the male adult model. • The cortex of the kidneys and the walls of the stomach and the gall bladder were indistinguishable from the medulla and the lumen, respectively. They were segmented using a fixed thickness of five pixels of the MR images. The salivary glands have not been segmented separately.
• Only small fractions of the diaphragm were visible in the images. It has therefore been reconstructed with the help of anatomical atlases.
• The bone marrow of the two female models has not been segmented for the entire body.
Since white and red marrow cannot be told apart in the MR images, the bone marrow has been segmented as red marrow in the male models. The periosteum has not been segmented separately for all models.
• The extrathoracic region has not been identified as a separate region.
There is good agreement between the organ masses of the ICRP reference phantoms (table 3) and the obtained models for most tissues and organs. Certain deviations can be attributed to the segmentation uncertainties-mainly of the digestive tract-as summarized above. Deviations of the masses of those tissues, which show up clearly in the MR images, are due to individual properties of the volunteers. Certain variations occur, e.g., for the spleens, the testes and the thymi of the models when compared to ICRP reference phantoms. Several studies show that they are within the statistical spread for their body weights or age groups (Markisz et al 1987 , Schlesinger et al 1993 , Spyropoulos et al 2002 . During adulthood, thymic tissue is replaced by adipose tissue (Suri et al 1985) . The segmented thymus of the Duke model corresponds to the largest contiguous section of epithelial tissue.
Additionally, the smoothing of the surfaces as discussed in section 3.2 introduces uncertainties, which are of particular relevance for thin tissue layers. The parameters of the smoothing algorithms were adjusted such that the integrity of the thin layers was retained and that complex shapes did not lose detail. This is demonstrated for a thin tissue (skin) and a complex tissue (white matter of the brain) by constructing the surface normals of each vertex of the smoothed surfaces and calculating their distances to the originally segmented outline using a highly efficient algorithm based on kd-trees and fast cell locators (Szczerba et al 2007) . Figure 7 shows that the differences are generally less than 0.6 mm, which is in the order of magnitude of the resolution of the original images. As a result, introducing knowledge about the surface properties of the tissues and organs can yield a considerable improvement of the spatial resolution with respect to the resolution of the MR scans.
Conclusions
This paper describes the development, the accuracy and the limitations of the four anatomical whole body models (34 year old male, 26 year old female, 11 year old female, 6 year old male) that comprise the Virtual Family. All four models and the software for their discretization (section 4.1) are freely available to the scientific community. The models are being widely applied in several studies on electromagnetic exposure, device optimization and medical applications. A few of these studies on exposure assessment (Kühn et al 2009) , the design of hyperthermia applicators with improved performance (Christen et al 2008) and novel MR imaging techniques (Brunner et al 2009) have already been published.
Because of the large anatomical differences among individuals, the statistical relevance of computational results can only be increased by using a large number of individual models. The anatomical accuracy of the Virtual Family Models with respect to their individual features enhances the usability of the models for numerous numerical applications. The development of additional models (e.g., children of a wider age range and obese persons) and of software to articulate the limbs of the models is ongoing (Cherubini et al 2008) . The final goal is to create a virtual population with a scope of applications ranging from fundamental research to the virtual patient and from the evaluation of the safety of physical agents to the optimization of therapeutic and diagnostic devices to improve the quality of life.
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